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Jukka S Jurvelin3, Riitta-Mari Tulamo1 and Juha Töyräs3,5Abstract
Background: Arthroscopy is widely used in various equine joints for diagnostic and surgical purposes. However,
accuracy of defining the extent of cartilage lesions and reproducibility in grading of lesions are not optimal.
Therefore, there is a need for new, more quantitative arthroscopic methods. Arthroscopic optical coherence
tomography (OCT) imaging is a promising tool introduced for quantitative detection of cartilage degeneration and
scoring of the severity of chondral lesions. The aim of this study was to evaluate the inter-investigator agreement
and inter-method agreement in grading cartilage lesions by means of conventional arthroscopy and with OCT
technique. For this aim, 41 cartilage lesions based on findings in conventional and OCT arthroscopy in 14 equine
joints were imaged, blind coded and independently ICRS (International Cartilage Repair Society) scored by three
surgeons and one PhD-student.
Results: The intra- and inter-investigator percentages of agreement by means of OCT (68.9% and 43.9%,
respectively) were higher than those based on conventional arthroscopic imaging (56.7% and 31.7%, respectively).
The intra-investigator Kappa coefficients were 0.709 and 0.565 for OCT and arthroscopy, respectively.
Inter-investigator Kappa coefficients were 0.538 and 0.408 for OCT and arthroscopy, respectively.
Conclusions: OCT can enhance reproducibility of arthroscopic evaluation of equine joints.
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Prevalence of severe cartilage lesions in equine joints is
high, especially in racehorses. The lesions can lead to
post-traumatic osteoarthritis and have major effect on
the career of the horse [1]. Accurate grading of chondral
lesions is needed in order to choose the optimal treat-
ment and to set reliable prognosis. In addition to the
ICRS (International Cartilage Repair Society) scoring
system [2], lesion area and correction factor for weight
bearing have been used in evaluation of the severity of
equine articular cartilage injuries in experimental set-
tings [1]. In equine arthroscopies, modified inflamma-
tory and degenerative scores have also been used [3].* Correspondence: tytti.niemela@helsinki.fi
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stated.In conventional arthroscopic evaluation degenerative
changes present below a visually intact cartilage surface
cannot be detected. Furthermore, differentiation of
superficial and deep cartilage lesions is challenging with-
out accurate knowledge on their relative depth [4]. In a
recent survey roughly half of the highly experienced
arthroscopic surgeons considered that assessment of se-
verity of cartilage lesions needs improvement [5]. Fur-
thermore, in a prospective blinded study conducted by
four experienced arthroscopic surgeons, poor inter- and
intraoperator reproducibility of conventional arthro-
scopic evaluation of cartilage injuries in human knee
was reported [4].
In some equine joints (e.g. distal interphalangeal joint)
significant part of the articular surface cannot be
reached and assessed with conventional arthroscopy. An
imaging technique that could provide improvement forl Ltd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited. The Creative Commons Public Domain Dedication
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cartilage areas is optical coherence tomography. Optical
coherence tomography (OCT) is a diagnostic imaging
technique commonly used in human cardiovascular sur-
gery and ophthalmology. OCT is based on the measure-
ment of reflection and backscattering of near infrared
light from tissues [6]. It provides cross-sectional images
of three dimensional objects at resolutions comparable
to that of low-power microscopy. Small diameter of
OCT catheter enables minimal invasive diagnostic pro-
cedures. It has been shown to be feasible for evaluation
of bovine articular cartilage in vitro [7], as well as hu-
man cartilage during arthroscopy in vivo [8] and in vitro,
where findings in OCT examinations were shown to cor-
relate well with structural details seen under histological
evaluation [9-11].
In a study by Chu et al. [8] arthroscopic optical coher-
ence tomography (OCT) imaging of human knee joint
frequently revealed surface and subsurface abnormalities
which were not detected by means of conventional arth-
roscopy. This was also seen in a recent equine study
where OCT arthroscopies were conducted by insertion
of a thin flexible catheter in the metacarpophalangeal
joint [12]. In addition, arthroscopically inaccessible areas
could be reached by the OCT catheter in some cases.
Therefore, arthroscopic OCT could increase the sensitiv-
ity of diagnostics over a larger surface area compared
with conventional arthroscopy.
Optical coherence tomography may have potential
for arthroscopic evaluation of cartilage lesions in various
equine joints. However, it has not been previously ap-
plied to evaluate cartilage in equine distal interpha-
langeal, intercarpal, tarsocrural or stifle joints. We
hypothesize that ICRS scoring of cartilage lesions is
more reproducible when based on OCT imaging than
when based on conventional arthroscopy. In the presentTable 1 Number of scored lesions (N) in variable sites of diffe
Joint Site in the
Intercarpal Third carpal
Intercarpal Os carpi rad
Metacarpo-/Metatarsophalangeal Dorsal sagit
Metacarpo-/Metatarsophalangeal Dorsal medi
Metacarpo-/Metatarsophalangeal Dorsal proxi
Metacarpo-/Metatarsophalangeal Palmar/plan
Metacarpo-/Metatarsophalangeal Dorsal aspec
Tarsocrural Trochlear rid
Tarsocrural Distal interm
Femoropatellar Trochlear rid
Femoropatellar Trochlear gr
Femoropatellar Patellastudy this hypothesis is tested by conducting conven-
tional and OCT arthroscopies in a total of 14 equine
joints to determine the intra- and inter-investigator and
inter-method agreement in ICRS scoring of 41 arthros-
copy and 41 OCT images retrospectively.
Methods
Three surgeons and one PhD-student scored the cartil-
age lesions in blind-coded arthroscopic (n = 41) and cor-
responding OCT images (n = 41) in random order. Each
investigator repeated scoring of the 82 images for three
times. Arthroscopic and OCT images were captured
from videos recorded during arthroscopy of cadaver
joints. These joints of fore- and hindlimbs of donated
euthanized adult horses, previously used for racing pur-
poses, were obtained from Veterinary Teaching Hospital
of University of Helsinki and frozen at −20°C until con-
ventional and OCT arthroscopies were performed.
Standard diagnostic arthroscopies of the most com-
monly evaluated joints and approaches in clinical set-
tings were conducted using a 4 mm, 30° arthroscope
(Karl Storz GmbH & Co, Tuttlingen, Germany) [13].
These were dorsal aspects of the distal interphalan-
geal joint, dorsal and palmar/plantar aspects of the
metacarpo-/metatarsophalangeal joint, dorsal aspects of
the intercarpal and tarsocrural joint and cranial aspect
of the medial femorotibial joint and femoropatellar joint
(Table 1).
Identified cartilage lesions were evaluated by conven-
tional arthroscopic examination and OCT imaging. After
visualization of lesion with the arthroscope, the OCT cath-
eter (diameter = 0.9 mm) was guided into the joint
through a custom made hollow instrument under arthro-
scopic control (Figure 1). OCT catheter was set over the
visually deepest spot of each lesion. OCT imaging was
conducted using the ILUMIEN PC1 Optimization Systemrent joints (Mc/Mt = Metacarpal/Metatarsal bone)
joint N
bone 3
ialis 4
tal ridge of the Mc/Mt3 3
al/lateral condyle of the Mc/Mt 3 6
mal eminence of the proximal phalanx 1
tar sagittal ridge of the Mc/Mt3 4
t of medial/lateral sesamoid bone 10
ge of the talus 2
ediate ridge of the tibia 1
ge of the femur 3
oove of the femur 3
1
Figure 1 (See legend on next page.)
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Figure 1 The arthroscopy (left) and OCT (right) images of the metacarpo-/metatarsophalangeal joint. The circular object in OCT images is
the OCT catheter (diameter = 0.9 mm). a) Dorsal aspect of the lateral sesamoid bone. In the arthroscopic view the tip of the custom made hollow
instrument with OCT catheter lie on the examined cartilage surface (ICRS score 0). In the OCT image the articular surface (white arrow) and the
interface between cartilage and subchondral bone are visible (open arrow). b) In the arthroscopic view cartilage of the dorsal aspect of the lateral
sesamoid bone with lesion (open arrow) is visualized, synovial villi can be seen in the right. The OCT image shows the same lesion (ICRS score 2)
with cartilage flap (open arrow) still attached. c) In the arthroscopic view cartilage of the dorsal aspect of the medial sesamoid bone with
roughening of the surface is in the left, synovial villi are in the right. The OCT image shows the fibrillation with high definition (ICRS score 2).
Beneath the cartilage surface there is cavitation (open arrows) and within the subchondral bone an anomaly (white arrow) can be seen. d) In the
view of an arthroscope dorsolateral condyle of third metacarpal bone with cartilage lesion below the OCT catheter can be seen. In the OCT
image the lesion (ICRS score 1) and also anomalies beneath the cartilage surface are visible (arrows). e) Severe lesion (ICRS score 4, arrow) of
medial sesamoid bone with complete loss of cartilage can be seen in both arthroscope and OCT images.
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1305 ± 55 nm, axial resolution ≤ 20 μm, lateral resolution
25–60 μm, slice thickness 100 μm, frame rate 100 frames/s).
Representative arthroscopy videos and OCT recordings
were selected and still images were captured for retro-
spective analysis.
In the distal interphalangeal joint the area of cartilage
surface under evaluation was increased by applying the
OCT catheter via dorsal portal between the surfaces of
middle and distal phalanx until the navicular bone was
reached. Images captured this way were not included in
the retrospective scoring of injuries since arthroscopic
views were not available.Figure 2 The arthroscopy (left) and OCT (right) images of the third ca
arthroscopic image (left) and in the OCT image (right) with ICRS score of 2
image (right) with ICRS score of 3.The images were captured so that arthroscopic view
would best show the entire lesion of interest and the
OCT images would show the most severe spot of this
particular lesion. To ensure that scoring was conducted
at the same spot with both techniques the lesion of
interest was indicated by an arrow or circle in the im-
ages. International Cartilage Repair Society (ICRS) scores
were used for grading, classifying cartilage lesions in
four grades; grade 0 (normal), grade 1 (superficial soft-
ening and/or superficial fissures and cracks), grade 2 le-
sions (lesions extending down to < 50% of cartilage
depth), grade 3 lesion (severely abnormal with lesions
extending > 50% of cartilage depth) and grade 4 (completerpal bone in the intercarpal joint. a) Lesion (arrows) in the
. b) Lesion (arrows) in the arthroscopic image (left) and in the OCT
Table 2 Individual and average (in bold) intra-
investigator percentages of agreement. Each investigator
scored independently 41 blind coded lesions in 82
images for three times
Agreeing scores
Imaging method Investigator %
OCT 1 78.0
2 63.4
3 63.4
4 70.7
Average 68.9
Arthroscopy 1 58.5
2 65.9
3 48.8
4 53.7
Average 56.7
Table 4 Inter-investigator agreement of conventional
arthroscopic and OCT evaluation
Agreeing scores
Imaging method %
OCT 43.9
Arthroscopy 31.7
Total 37.8
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dral bone plate [2]).
The percentages for agreement of the ICRS scores
were determined to assess the agreement within and be-
tween investigators and imaging modalities. The intra-
investigator and inter-investigator agreement was further
evaluated with generalized Kappa coefficients. The intra-
investigator Kappa coefficients were calculated separ-
ately for each investigator as well as an average over the
four investigators. Furthermore, differences between the
imaging methods in the grading of cartilage lesions were
investigated with the mixed cumulative logit model.
Differences between the methods were quantified with
odds ratios (OR) and their 95% confidence intervals (CI).
P < 0.05 was set as the limit for statistical significance.
SAS® System for Windows, version 9.3 (SAS Institute
Inc., Cary, NC, USA) and R for Windows, version 2.11.1
(R Foundation for Statistical Computing, Vienna, Austria)
were used for statistical analysis.
Results
Optical coherence tomography enabled detection of car-
tilage lesions of all ICRS scores. Furthermore, anomalies
beneath the cartilage surface and within subchondral
bone could also be visualized (Figures 1 and 2).
The average intra-investigator percentages of agree-
ment were 68.9% and 56.7% for OCT and arthroscopy,Table 3 Generalized Kappa (κ) coefficients for reproducibility
Imaging method Scorings/method Scorings/investigator Lesions
OCT 164 3 41
Arthroscopy 164 3 41respectively (Table 2). The intra-investigator Kappa coef-
ficients were 0.709 and 0.565 for OCT and arthroscopy,
respectively (Table 3).
The inter-investigator percentage of agreement was
43.9% for OCT scorings and 31.7% for arthroscopy scor-
ings (Table 4). The inter-investigator Kappa coefficients
were 0.538 and 0.408 for OCT and arthroscopy, respect-
ively (Table 3). With OCT the probability of getting
higher cartilage damage scores was higher than that of
conventional arthroscopy, although difference was not
statistically significant (odds ratio = 1.96, 95% confidence
interval 0.83-4.63, p = 0.123, Table 5).
Discussion
In this study reproducibility of ICRS scoring of cartilage
lesions based on OCT and conventional arthroscopic im-
ages was investigated. In addition, the feasibility of OCT
imaging at anatomic sites not achievable with conven-
tional arthroscopy was evaluated.
In general, the intra-investigator reproducibility was
moderate to good and inter-investigator reproducibility
only fair to moderate [14]. However, OCT was found to
enable more reproducible scoring of lesions than con-
ventional arthroscopic imaging. In addition, the best
inter-investigator agreement was also based on the OCT
images which supports our hypothesis about superior re-
producibility of OCT based scoring when compared
with conventional arthroscopic evaluation. Furthermore,
articular surfaces in palmar or plantar pouches of distal
interphalangeal joints were found to be accessible for
OCT imaging (Figure 3).
In addition to more reproducible ICRS scoring, cross-
sectional OCT images allow detection and classification
of subsurface lesions [12]. Furthermore, OCT images
have been shown to correspond well to histology of car-
tilage. In addition to ability to detect progressive articu-
lar cartilage thinning and disruption of the cartilage/of ICRS-score
Investigators κ within investigators κ between investigators
4 0.709 0.538
4 0.565 0.408
Table 5 Distribution of 82 median ICRS scores based on
OCT or arthroscopy images (N = number of scored
lesions)
0 1 2 3 4
Imaging method N % N % N % N % N %
OCT 12 29.3 12 29.3 11 26.8 3 7.3 3 7.3
Arthroscopy 12 29.3 18 43.9 8 19.5 2 4.9 1 2.4
Total 24 29.2 30 36.6 19 23.2 5 6.1 4 4.9
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been shown to correlate almost perfectly to histomor-
phometry [9]. Moreover, OCT enables detection of the
earliest changes of osteoarthritis, such as hypocellularity
of cartilage and changes in collagen organization, based
on changed polarization properties of cartilage [10].
In the present study, scorings based on OCT imaging
were found to be higher on average than scorings based
on conventional arthroscopy, although this was not sta-
tistically significant finding. In the study of Kaleva et al.
[15] higher ICRS scores were also received when arthro-
scopic ultrasound imaging was applied in human knee
joints in vivo. Arthroscopic ultrasound imaging, as well
as OCT, is able to detect early osteoarthritic changes,
such as initial fibrillation of the articular surface [16-19].
Furthermore, as the thickness of cartilage is visible in
cross sectional images, the relative depth of lesion mayFigure 3 OCT enables access to the palmar and plantar areas in
distal interphalangeal joint which is not achievable with
conventional arthroscopy. Image shows the palmar aspect of the
distal interphalangeal joint where dorsal aspect of the navicular
bone (a) and part of the second (b) and third (c) phalanx are visible.be evaluated by means of OCT or ultrasound imaging,
which can considerably affect scoring of lesion severity.
As arthroscopic OCT can be conducted through normal
portals made for arthroscopy, it is not more invasive
than conventional arthroscopy.
All four investigators agreed in only 31-44% of arth-
roscopy and OCT images (depending on the method),
which was overall a bit lower than the average intra-
investigator agreement. However, the inter-investigator
agreement reported here is higher than 17.4% agreement
reported for conventional arthroscopic evaluation by
Spahn et al. [4]. This inter-investigator discrepancy in
scoring of lesions based on conventional arthroscopic
images seen in this study as well as the results reported
by Spahn et al. [4] emphazises the value of quantitative
OCT imaging during arthroscopy. However, even with
superior sensitivity of OCT to detect lesions, differenti-
ation especially between grade 0 and 1 lesions and be-
tween grade 1 and 2 lesions was challenging. Some of
the cartilage lesions were visible only in OCT images
(Figure 4).
It is highly likely that agreement between investigators
would have been higher provided that the real time
OCT imaging had been available, and when combined
with conventional arthroscopy to result even more re-
producible scorings. Accurate evaluation of lesion depth
would be important as the grade of the lesion affects not
only the surgeon’s decision about treatment but also the
prognosis, and thus sometimes even the survival of the
horse. Based on the present results and earlier reports,
combining the conventional arthroscopic examination
with OCT could result in more accurate assessment
[7,10,20,21]. Conventional arthroscopy could be used as
a tool for general evaluation of the joint and guiding of
multimodal imaging instruments which provide infor-
mation of lesion depth and integrity of subsurface struc-
tures. When lesions are detected early, they can be
treated in time when possible or decision of retirement
of the horse to lighter work can be done to prevent fur-
ther damages. Accuracy of diagnosis and better agree-
ment between veterinarians is also needed to enhance
objectivity and reliability of veterinary surgeon profes-
sion since the second opinion about diagnosis and prog-
nosis is commonly requested by the clients.
Many areas in various equine joints are not achievable
with conventional arthroscopy. For example, the dorsal
pouch of the distal interphalangeal joint represents
about 30% of the entire joint area and arthroscopy of
the palmar/plantar pouch of the joint is even more lim-
ited [13], so that visualization of dorsal part of the na-
vicular bone with the arthroscope is impossible. In
the metacarpo-/metatarsophalangeal joint, the articular
surface of the proximal phalanx, except from the dorsal
and palmar margins, is not achievable. Still those areas
Figure 4 Mild cartilage fibrillation on the surface of the patella (ICRS score 1) visible only in OCT image (right).
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which are not detected with conventional arthroscopy.
Although they may not be surgically treatable either,
neglecting them jeopardizes the accuracy of the progno-
sis. Although not set as the primary aim of this study,
accessibility of distal interphalangeal joint with OCT
catheter was tested. We managed to apply OCT catheter
far on the plantar/palmar articular surfaces of distal in-
terphalangeal joints until the dorsal part of the navicular
bone was reached (Figure 3). Accessibility of narrow
joint spaces is an important aspect of OCT arthroscopy
and warrants further investigation.
This study had some limitations. The study design was
retrospective and grading was based on blind coded still
images of cartilage lesions. Therefore, it was not as opti-
mal as in the true in vivo situation where the surgeon
may evaluate and examine the lesions in a variety of
views and distances. However, this limitation affects both
evaluated techniques, thus minimizing its effect on
the conclusions of the present study. In the present
study, only reproducibility of ICRS scoring with conven-
tional arthroscopy and OCT was evaluated. Thus, accur-
acy of scoring still remains unknown and it should be
investigated in the future. Furthermore, development of
computerized image recognition based scoring of quan-
titative OCT images could aid surgeon to achieve more
objective and reproducible scoring.
OCT arthroscopy was conducted in previously frozen
and thawed cadaver joints. This could have caused micro-
damage on cartilage tissue potentially affecting light re-
flection and scattering. However, usage of thawed cartilage
is generally accepted protocol in the imaging studies. Fur-
thermore, since only ICRS-scoring was conducted and no
quantitative measurements at e.g. light scattering were
conducted, we believe that this had no effect on the con-
clusions of the present study.
In the present study, joints of cadaver horses were suc-
cessfully evaluated by means of OCT. However, thesensitivity, reliability and reproducibility of arthroscopic
OCT evaluation of joints in vivo need to be evaluated.
Conclusions
OCT enhances intra- and inter-investigator agreement
of arthroscopic evaluation of equine joints.
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